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Introduction
Generally, for ordinary mobile robots working in structured indoor environments, the influences of terrain characteristics on their mobility are not considered. However, with the rapid development of robot technology, mobile robots gain their increasing popularity in unstructured outdoor environments to replace humans to complete high-risk missions, such as planetary exploration robots, military robots, etc., they are known as all-terrain mobile robots (Volpe et al., 1996; Mishkin et al., 1998; Schenker et al., 2003; Weisbin et al., 1999; Åstrand and Baerveldt, 2002; Hellström et al., 2006) . The outdoor rough terrain is full of uncertainty, such as rock, depression, etc. The complicated terrain environments pose a tough challenge to the mobility and traversability of mobile robots; consequently, the accurate perception to the terrain environment for mobile robots is particularly important. Nearterrain perception is to detect the ground information focusing on the important local area. Wheel-terrain contact angle, as an important parameter reflecting the wheel-terrain interaction, has significant impact on the rough-terrain mobility and motion control of mobile robots. However, it is difficult to measure the wheel-terrain contact angle directly.
Many researchers have studied wheel-terrain contact angle estimation by different approaches. Iagnemma used simple onboard sensors to estimate the wheel-terrain contact angle based on the rigid-body kinematic equations, where an extended Kalman filter was used to fuse noisy sensor signals Dubowsky, 2000a, 2000b; Iagnemma et al., 2003 Iagnemma et al., , 2001 Iagnemma and Dubowsky, 2004 ). Sreenivasan measured the contact force through force and torque sensors installed at each wheel, and then the wheel-terrain contact angle was inferred based on the relationship of the contact force and angle (Sreenivasan and Wilcox, 1994) . However, this method is costly and mechanically complex. Lauria presented a robot named OCTOPUS, whose motorized tactile wheel was designed using 16 infrared sensors to measure the tire deformation caused by the ground contact force. This measurement gave the contact point an approximation of the normal contact force acting on the wheel (Lauria et al., 2002) . Xu proposed a visual contact angle estimation method with an edge detection strategy, where monocular cameras were mounted on the front and rear wheels to perceive the wheelterrain contact interface, given a white LED light source (Xu et al., 2014) . However, this approach relied on a fixed light source, so its application is limited in the dark environment. Moreover, the mounting structures of cameras lack rationality and stability, which makes it impossible to operate in complex unstructured environments. Yuan put forward that the wheelterrain contact angle can be estimated based on discrete Kalman filtering using the measured data of traversed route of lunar rover's mass center (Yuan et al., 2008) . Song built the kinematics model for a six-wheeled all-terrain mobile robot with a passive compliant mechanism, and Kalman filtering was used to estimate the wheel-terrain contact angle. However, he noted that the wheel-terrain contact angle would have a saltation along with the saltation of the terrain profile, and so the estimated value using Kalman filtering would have certain hysteresis relative to the real value (Song et al., 2008) . Ma designed an estimation approach for wheel-terrain contact angle of a rocker-bogied lunar rover, using 3D imaging lidar system to obtain the terrain elevation map (Ma, 2010) . Balaram proposed that vehicle models and terrain map data can be used to estimate the wheel-terrain contact angle (Balaram, 2000) . However, accurate terrain map data are difficult to obtain. Additionally, terrain may deform during the robot movement process, causing estimation error. Ding studied the path-following problem of a planetary rover on deformable and rough terrain, taking the longitudinal slip and lateral skid into account (Ding et al., 2014) . Li built a slope-based wheel-soil interaction terramechanics model, which is used to study the coordinated control of slip ratio for wheeled mobile robots (WMRs) climbing loose sloped terrain (Li and Wang, 2014) .
Although many research works have been done in the area of wheel-terrain contact angle estimation, there is yet no effective approach which can achieve direct and quick measurement of wheel-terrain contact angle with required accuracy. Consequently, this paper proposes a measurement approach for wheel-terrain contact angle using laser scanning sensors based on near-terrain perception. First, the kinematics model of a WMR is developed, considering the wheel slip and wheelterrain contact angle. Second, detailed analysis of the measurement approach of wheel-terrain contact angle using laser scanning sensors, including "rigid wheel -rigid terrain" model and "rigid wheel -deformable terrain" model is presented. Finally, the validity of the presented approach is verified by experiments with satisfactory results.
Kinematics model of the wheeled mobile robot
In terms of a four-wheel driving and four-wheel steering WMR, the kinematics model is established using coordinate transformation, which takes the wheel slip and wheel-terrain contact angle into consideration, as shown in Figure 1 . The physical parameters of the WMR are shown in Table I .
To simplify the kinematics modeling process, it is assumed that the wheel is rigid-body and simplified as flake, and the wheel-terrain contact is a point contact. Meanwhile, to facilitate the description, the left front wheel is represented by Wheel 1, similarly, the right front wheel, the left rear wheel and the right rear wheel is denoted by Wheels 2, 3 and 4, respectively, expressed as i = 1,2,3,4. All the coordinate systems accord with the right-hand rule. The coordinate systems are defined as follows:
W -World coordinate system, at the midpoint D of the differential mechanism; R -Robot-body coordinate system, at the midpoint D of the differential mechanism; S i -Steering coordinate system, at the center of each steer;
A i -Wheel coordinate system, at the center of each wheel; and C i -Wheel-terrain contact coordinate system, at the wheel-terrain contact point.
To facilitate the calculation, it is assumed that the robot-body coordinate system R coincides with the world coordinate system W at the initial state.
T are used to denote the rotation of the robot-body relative to the world coordinate system W, so, the transformation matrix from the world coordinate system W to the robot-body coordinate system R is illustrated as equation (1):
Similarly, the transformation matrices from the robot-body coordinate system R to the steering coordinate system S i , from Longitudinal distance between R and S 161.5 mm k 3
Vertical distance between S and A 178.1 mm r Wheel radius 88.5 mm
Euler angles
n/a the steering coordinate system S i to the wheel coordinate system A i , and from the wheel coordinate system A i to the wheel-terrain contact coordinate system C i can be concluded as equations (2)- (4) 
Consequently, the transformation matrix from the world coordinate system W to the wheel-terrain contact coordinate system C i is as shown in equation (5):
To take the wheel slip into account in the process of kinematics modeling, it is necessary to consider the robot state at two adjacent moments simultaneously. It is assumed that K is used to express the state of the coordinate system K at the last moment, where K refers to the coordinate system mentioned above. The slip model of one wheel is illustrated in Figure 2 , the wheel slip at two adjacent moments can be described using j i , h i and § i in wheel-terrain contact coordinate system C i , where, j i and h i refer to the wheel slip along X and Y directions, § i expresses the wheel slip angle around Z axis. Additionally, b i denotes the rotation angle of each wheel. Therefore, at two adjacent moments, the transformation matrix from the wheel-terrain contact coordinate system at the last moment to that at this moment is shown as equation (6):
Subsequently, the transformation matrix from the robot-body coordinate system at the last moment to that at this moment can be derived as equation (7):
Also, the transformation matrix from the world coordinate system to the wheel-terrain contact coordinate system at the last moment can be obtained as equation (8):
From equation (7), we can calculate the derivative matrix (9):
Substituting equation (8) into (9), yields
Otherwise, assuming that [X Y Z] T represents the position changes in X, Y and Z directions of the robot-body coordinate system relative to the world coordinate system at two adjacent moments, and Euler angles
T denote the rotation angles around x-, y-and z-axes as mentioned above, the derivative of the transformation matrix of the robot at two adjacent moments can be obtained as equation (11), according to the principles of robot kinematics:
So as to obtain the relationship between the pose changes
T of the robot relative to the world coordinate system and the changes of each joint variable [r c i b (10) and (11) are considered, and finally, we can obtain equation (12): Equation (12) describes the impact of one wheel movement on the robot movement, and the movement of the robot is compounded by the movement of each wheel, as expressed in equation (13):
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where, J 1 , J 2 , J 3 , J 4 represents the Jacobian matrix of each wheel, respectively. I 6 is the unit matrix.
Measurement of wheel-terrain contact angle using laser scanning sensors
In this paper, a measurement approach for wheel-terrain contact angle using laser scanning sensors on rough terrain is presented. As shown in Figure 3 , the laser scanning sensor is installed above the wheel, and it should be able to scan the contact interface of the wheel and the ground. The laser scanning sensor is fixed at the rocker through the mounting bracket; in this way, the center of the laser scanning sensor and the center of the driving wheel coincide with the center line of the rocker, so the laser scanning sensor is stationary relative to the wheel. In this paper, RPLIDAR 360°2D laser scanning sensor produced by RoboPeak is adopted, as shown in Figure 4 .
Based on laser triangulation ranging principle, with a highspeed vision acquisition and processing hardware developed by RoboPeak, RPLIDAR can be used to measure distance 2,000 times per second, with high resolution output (<1 per cent of the distance). In each ranging procedure, RPLIDAR emits modulated infrared laser signal, and the laser signal is then reflected by the object to be detected. The returning signal is sampled by vision acquisition system in RPLIDAR and the DSP embedded in RPLIDAR is used to process the sample data and output distance and angle values between the object and RPLIDAR through communication interface. The modulated laser can avoid the interference of the ambient light and sunlight effectively during the scanning process, so it can be used for both indoor and outdoor environment without direct sunlight. Parameters of RPLIDAR are described in Table II .
Measurement of wheel-terrain contact angle on non-deformable terrain using laser scanning sensors
In the case of non-deformable terrain, measurement of wheelterrain contact angle using laser scanning sensors is considered. Figure 5 illustrates the positional relationship among the polar coordinate system of the laser scanning sensor L i , the wheel coordinate Ai and the wheel-terrain contact coordinate Ci . It is assumed that there is no elastic deformation, and it always maintains point contact between the wheel and the ground during the movement process of the mobile robot. Provided the coordinate of wheel-terrain contact point is obtained, the wheelterrain contact angle can be calculated. In this way, the measurement of wheel-terrain contact angle is converted to the location of wheel-terrain contact point. Under normal circumstances, the distance between the wheel-terrain contact point and the wheel center is the wheel radius r, and distance is measured in millimeters, while angle is measured in degrees.
As shown in Figure 6 , the wheel-terrain contact model for rigid rough terrain is described in the polar coordinate system of the laser scanning sensor. P n (d n , a n ) represents the coordinate of the laser scanning point in the polar coordinate system of the laser scanning sensor, and O Ai (a, 0) denotes the coordinate of the wheel center in the polar coordinate system of the laser scanning sensor. The deg n/a 0-360 n/a Distance resolution mm n/a <1% of the distance n/a Angular resolution deg n/a ≤1 n/a Sample duration ms n/a 0.5 n/a Sample frequency Hz n/a ≥2,000 2,010 Scanning frequency Hz 1 5.5 10 Figure 5 Polar coordinate system of the laser scanning sensor distance between each scanning point and the wheel center is represented as H n and can be expressed as equation (14):
The difference between the distance from the scanning point to the wheel center H n and the wheel radius r is defined as Dd n , which denotes the distance from the scanning point to the wheel rim in the radial direction of the wheel, shown as equation (15):
Ideally, Dd = 0 is true at the wheel-terrain contact point on rigid rough terrain; however, there would be some inevitable errors in the practical process. In this case, the scanning point with the minimum Dd n is the wheel-terrain contact point. Once Dd min is obtained, the coordinate of the corresponding wheel-terrain contact point in the polar coordinate system of the laser scanning sensor can be gotten, and it is denoted by P Ci (d Ci , a Ci ), as shown in Figure 7 . For DO Ai O Li P Ci , equation (16) can be obtained as follows:
Consequently, the wheel-terrain contact angle can be determined as in equation (17). All the parameters in the equation can be measured directly using laser scanning sensors, which can improve the calculation accuracy of the wheel-terrain contact angle:
Measurement of wheel-terrain contact angle on deformable terrain using laser scanning sensors
The above analysis based on the assumption that the ground is rigid, in which case the wheel experiences no sinkage. However, in most real situations, the terrain is usually soft and rough; therefore, sinkage of the wheel is inevitable. In this case, the wheel-terrain contact area is no longer a point, so it is necessary to do detailed analysis on the wheel-terrain contact area. Figure 8 describes the wheel-terrain interaction model for WMR moving on deformable rough terrain. As it is generally known, stress at a point is composed of the normal stress s and shearing stress t . So, the point with the maximum normal stress s m is the wheel-terrain contact point. To simplify the calculation process, two assumptions are made. The first is that the maximum normal and shearing stress occur at the same location u m where the normal stress is maximum (Iagnemma et al., 2002) . Analysis and simulations have shown that this assumption is reasonable for a wide range of soil types. Therefore, once the position of u m is determined, the wheel-terrain contact point can be determined. The second assumption is that the angular location of the maximum stress u m occurs midway between u 1 and u 2 , i.e. (Iagnemma et al., 2002) :
This assumption is reasonable for a wide range of soils at moderate slip ratios (Kang, 2003) . Figure 6 Principle of measuring wheel-terrain contact angle on rigid rough terrain using laser scanning sensors Figure 7 Calculation of wheel-terrain contact angle using laser scanning sensors on rigid rough terrain Figure 8 Wheel-terrain interaction model for WMR moving on deformable rough terrain
In this case, wheel-terrain contact angle can be calculated through geometrical information of the wheel-terrain contact area obtained by the laser scanning sensor. As shown in Figure 9 , the wheel-terrain contact model of a mobile robot moving on deformable rough terrain is described in the polar coordinate system of the laser scanning sensor, where, P i (d i , a i ) is the coordinate of the entrance point, P j (d j , a j ) is the coordinate of the exit point and P m (d m , a m ) is the coordinate of wheel-terrain contact point, according to equation (18) and the geometrical relationship, equation (19) can thus be obtained as follows:
Consequently, as long as the coordinates of the entrance point and exit point are known, the coordinate of the wheel-terrain contact point can be determined. According to equation (14), the distance between each scanning point and the wheel center H n is calculated. Then, the difference between the distance from the scanning point to the wheel center H n and the wheel radius r, i.e. Dd n = |H n -r| is obtained. Subsequently, the minimum value Dd min can be determined, and the corresponding coordinates of the scanning points are obtained.
As shown in Figure 10 , for DO Ai O Li P i and DO Ai O Li P j , equations (20) and (21) can be obtained as follows:
From equations (19), (20) and (21), the final equation for calculating the wheel-terrain contact angle on deformable rough terrain is obtained as follows:
Experiments
To verify the validity of the proposed approach, experiments were designed and implemented on various terrains to measure wheel-terrain contact angle using laser scanning sensors. It is noted that in determining contact angle for WMRs moving on deformable terrain, wheel-terrain contact area is critical. Therefore to eliminate irrelevant data and improve the processing speed, the scanning points (330°,30°) of the polar coordinate system of the laser scanning sensor were selected as the data source. Moreover, comparisons were made with the approach presented in the work entitled "Visual Contact Angle Estimation and Traction Control for Mobile Robot in Rough-Terrain" by Xu et al. (2014) . In their paper, given a white LED light source, two monocular cameras are mounted on the front wheel and the rear wheel, respectively, with a field of view containing the wheel-ground contact interface. The locations of the cameras relative to the wheel is known and fixed during robot travel. This arrangement is used to measure the contact angle using edge detection strategy.
Measurement of wheel-terrain contact angle using laser scanning sensors on rigid flat terrain This experiment is carried out on a rigid flat ground in the lab, to increase the friction between the wheel and the ground, a carpet is laid on the ground. The mobile robot moves forward at the speed of 1 cm/s, and the detailed process of the experiment is illustrated in Figure 11 : Figure 12 shows the distance between the laser scanning point and the center of each wheel on rigid flat terrain. It can be clearly observed that the minimum distance is basically stable as 88.5 = r, which represents the wheel-terrain contact point.
In Figure 13 , the blue curve and the red curve represent the results of the wheel-terrain contact angle obtained by the approach proposed in this paper using laser scanning sensor and the approach proposed by Xu et al. (2014) using cameras, respectively. More results of this comparison are shown in Figures 16 and 19 . From Figure 13 , changes in wheel-terrain contact angle when the mobile robot moves on rigid flat terrain Figure 9 Principle of measuring wheel-terrain contact angle using laser scanning sensors on deformable rough terrain Figure 10 Calculation of wheel-terrain contact angle using laser scanning sensors on deformable rough terrain can be clearly seen. On one hand, the output fluctuates slightly around zero, which conforms to the terrain; however, there is slight fluctuation because of the inevitable power transmission, slight roughness of the ground and mechanical vibration when the mobile robot is moving. On the other hand, the two curves show that the two approaches have about the same performance with similar results.
Measurement of wheel-terrain contact angle using laser scanning sensors on sinusoidal rigid terrain To further investigate the performance of the proposed approach experimentally, more tests were carried out on a sinusoidal test-bed. The test-bed fits with a sine curve of y = 7.5sin(p x/80). In this way, changes of wheel-terrain contact angle can be illustrated more vividly and intuitively. Also, to increase the friction between the wheel and the surface of the test bed, a carpet was laid on the testbed. The robot moves forward at the speed of 1 cm/s, as shown in Figure 14 : Figure 15 illustrates the distance between the laser scanning point and the center of each wheel on sinusoidal rigid terrain. Considering the fact that the test-bed represents a rigid ground, the wheel-terrain contact point is at the position with the minimum distance. As it can be seen from the figure, the distance between the laser scanning point and the wheel center has a good fit with the sine curve, and the minimum of the output is the position of the wheel-terrain contact point. Figure 11 Measurement of wheel-terrain contact angle using laser scanning sensors on rigid flat terrain Figure 13 Wheel-terrain contact angle of the mobile robot moving on rigid flat terrain Figure 12 Distance between the laser scanning point and the center of each wheel on rigid flat terrain Figure 16 shows changes in wheel-terrain contact angle when the mobile robot is moving on sinusoidal rigid terrain. It can be observed that the changes in wheel-terrain contact angle fit well with the sinusoidal rigid terrain. When the wheel is at the top and bottom of the test-bed, the wheel-terrain contact angle is approximately equal to zero. In the whole process, the maximum and minimum of the wheel-terrain contact angle is around 12°and À12°, respectively. Otherwise, the two curves show that the two approaches using laser scanning sensors and vision have about the same performance with similar results.
Measurement of wheel-terrain contact angle using laser scanning sensors on sandy rough terrain In this experiment, the mobile robot was placed in a sandy testbed (Reina et al., 2005) and made to move forward at the speed of 1 cm/s, as shown in Figure 17 . Figure 18 describes the distance between the laser scanning point and the center of each wheel on sandy rough terrain. It can be observed that the minimum distance is smaller than the wheel radius during the whole movement process. This suggests that there exists sinkage for the wheel when the mobile robot is traversing on sandy rough terrain, and so the wheel-terrain contact point is no longer at the position with the minimum distance, but at the position with the maximum normal stress. Figure 19 denotes the changes in wheel-terrain contact angle when the mobile robot moves on sandy rough terrain. As shown Figure 15 Distance between the laser scanning point and the center of each wheel on sinusoidal rigid terrain Figure 14 Measurement of wheel-terrain contact angle using laser scanning sensors on sinusoidal rigid terrain Figure 16 Wheel-terrain contact angle of each wheel on sinusoidal rigid terrain in the figure, the changes in wheel-terrain contact angle basically correspond to the terrain profile. During the whole movement process, the maximum and minimum of the wheelterrain contact angle is about 13°and À13°, respectively. Also, it can be observed that the results of the two approaches are comparable.
Conclusions and future work
The rough-terrain mobility and precise motion control for allterrain mobile robots are necessary and challenging issues. Different from the ordinary mobile robots moving on structured environments, the influence of the rough terrain on all-terrain mobile robots cannot be ignored. A key parameter for wheel-terrain interaction is the contact angle between the robot wheel and the ground. In this paper, laser scanning sensors are applied to measure the wheel-terrain contact angle based on the near-terrain perception for the first time. First, the kinematics model of a WMR was developed considering wheel slip and wheel-terrain contact angle. Second, measurement principles of wheel-terrain contact angle using laser scanning sensors were presented in detail, including "rigid wheel -rigid terrain" model and "rigid wheel -deformable terrain" model. Finally, results obtained from several experiments carried out on different surface types and conditions showed satisfactory performance of the approach proposed in this work. Future work will focus on traction control and path-following for WMRs traversing deformable rough terrains. Figure 17 Measurement of wheel-terrain contact angle using laser scanning sensors on sandy rough terrain Figure 19 Wheel-terrain contact angle of each wheel on sandy rough terrain Figure 18 Distance between the laser scanning point and the center of each wheel on sandy rough terrain
